INTRODUION --
The objective of this research program has been to develop the theoretical models, design methodology, and technology needed for optimally applying near-field electromagentic sensor arrays to nondestructive evaluation (NDE) and robot control. This program was a collaborative effort by SRI International and Stanford University, supported by separate contracts. SRI has studied several types of electronically scanned arrays composed of inductive sensors, whereas 0
Stanford has placed emphasis on the use of capacitive sensors.
At SRI, we have found that small printed-circuit single-turn loops exhibit good sensitivity when used as sensors. 
I IMDDELING
An inductive sensor array located over an imperfectly conducting half-space can be modeled using the same Fourier-transform principles applied by Dodd and Deeds to model eddy-current coils. 3 ,4 If the sensor elements are further than a skin depth from the imperfectly conducting surface, it is also possible to use a simpler, but approximate, image model. 5 , 6 We have developed both types of models for rectangular coils under the assumption that the fields produced by a system of coils can be computed by superimposing the fields produced by each coil in the absence of the others.
A. Fourier-Transform Method 0
Fields Above an Imperfectly Conducting Half Space
Consider a current source like the rectangular, single-turn coil shown in Figure 1 , but of arbitrary shape with a current density vector Fourier transform has the form:,.,
.
where and kare the vector components of the position vector Y and the wave vector in the xy plane, respectively (see Figure  ) . " y% From Eq. 2, the following equations for a i are obtained. For z :
• 8z Following Beissner and Sablik 4 , the solution to Eq. 4 can be written as:
and for Eq. 5:
*, In these equations
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where a (k,z) is obtained from a two-dimensional Fourier transform of AO(r) given in Eq. 1.
The unknown coefficients fi (k) and 7j (k) are found by matching tangential components of the electric and magnetic fields at the conducting surface z -0. From this condition, Beissner and Sablik derived the following expression for the magnetic vector potential in the conductor:
where < ky1
and
However, in analyzing an electromagnetic sensor array, the electric and magnetic fields above the conducting surface are of particular interest.
These fields can be determined by matching the expression for a (k,z) (Eq. 6) and a<(k,z) (Eqs. 11-13) at z -0. The resulting equations are
The electric and magnetic fields above the conducting surface, E> and H, are then determined from
0-
Now consider the special case shown in Figure 1 , where we have a singleturn, infinitely thin, rectangular coil carrying a current I in a plane parallel to the surface z -0. To find the electric and magnetic field for this configuration, we must find the current density i i so that shown that it can be approximated by
k+A when the receiver (sensor array) is more than a skin depth away from the conductor surface. The factor d in this expression is related to the skin depth
by the relation
Using the approximation given by Eq. 26 we obtain 
where 
Finally,
Similarly, H can be written as 
Model :j
The Fourier-transform method used in the previous section is quite powerful and provides an exact solution to the problem of calculating the fields generated by a coil over an imperfectly conducting half space. However, this method leads to integrals that must be evaluated over infinite domains in the complex plane, which may be difficult to -do. Therefore, for such half-space problems, it is usually simpler to . use image theory. Of course, image theory is only exact for perfect.0 conductors, but, as has been mentioned in Section II-A-I, it can be extended to apply to imperfect conductors in an approximate, but simple, way.
To develop the image theory for a rectangular coil lying in a plane parallel to a conducting half space, we again refer to Figure 1 
The quantities r;, r; in Eq. (45) are the x and y components of F'.
The integrals in Eqs. 44 are easily evaluated under the quasistatic approximation kR << i. The results are
where
For a perfectly conducting halfspace, the vector potential, A-, due to the image current can be obtained from Eq. 46 by letting I --I and = 0 z--z 0 . The total vector potential is just the sum of the two parts, (WVviz.,
A(r) -A+(F) + A (Y) (48) -
Finally, the electromagnetic fields can be found from the vector potential by using the relations
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It can be shown that these equations are identical to those obtained in Section II-A-2 using the Fourier-transform method.
For an imperfectly conducting half space, it has been shown 5 that the -fields above the half space can be determined to good approximation by placing the image at a complex depth -(zo+d) where d is given by Eq. 28.
Similarly, for an imperfectly conducting layer of thickness t on top of an imperfectly conducting half space, an approximate image model can be 6% aobtained by using
Although approximate, these formulas allow us to model imperfect half-space and layered half-space problems in a very simple way. This latter equation is simpler to evaluate since it uses A directly.
Induced Voltage
Note that throughout our development, we assume that wire in the coil has very small cross sectional dimensions so that the current in the coil can be represented by a delta function in this cross section plane.
An Example of Using a Sensor Array to Determine Proximity
The response of an inductive sensor array depends on its proximity to (lift-off from) a nearby conducting half-space. Thus, it is of interest to examine the possibility of inverting the array response to provide a quantitative measure of the distance of the array from the half space .
As a simple example, consider the array of concentric rectangular coils shown in Figure 2 . The outermost coil is an exciting coil, and the inner coil is a sensor. The coil axes are assumed to be perpendicular to a perfectly conducting half space, and the coils are located at a distance zo above the half space (if the half space is imperfectly conducting, the approximations discussed in Section I1-B-1 can be used in analyzing this problem). The problem is to determine zo, given the array response.
From Eq. 53, the voltage induced in the inner coil by the outer coil is . To avoid a need for system calibration, we assume there are two sense 0 coils, one inside the other, and calculate the ratio of the voltages induced in them by the exciting coil. For this calculation, we assume that both the source and detector impedances are large enough so that back reaction of the sense coils on the exciting coil is negligible, as is interaction between the sense coils.
The normalized lift-off distance, z 0 = z 0 /a is shown in Figure 3 plotted versus the voltage ratio computed using Eq. 54. The scale of the inner sense coil was taken to be a -0.2, while the size of the outer 0 sense coil was allowed to vary through the values of a shown in the figure. We see that, the larger the outer sense coil, the better the resolution for determing z 0 . For a -0.8, the lift-off, z 0 , can be determined most accurately for values of z 0 between about 0.03a and 0.3a.
• C. Reciprocity Integral So far, our modeling has been concerned with a relatively simple geometry, namely, a half space. It is also important to model situations , where the sensor array is scanned parallel to the surface of the half space in order to detect or track discontinuities in this half space.
The reciprocity method described by Auld 7 is useful for this purpose. We " illustrate this method for the case where there is a step in the surface of a perfectly conducting half space. 
In this equation, the superscripts refer to the two cases defined in Figure 4 and 9, is a unit vector in the z direction. The integral is evaluated on the plane z -0. Since az x E is proportional to the component of E tangential to the x-y plane, (E(2) x H(1)) " 0 everywhere on the plane z -0. Similarly,
Si, (E(1) x H(2)).
Z also equals zero on this plane for y < 0. Hence, Eq. e 57 reduces to 0
This formula is exact. However, there are no analytic formulas for S calculating the electric fields in case 1, and approximations are often used. The approximation we have used to compute the results given in Section III-A is to assume that there is no step in the conducting half space, but, rather that the half space is displaced downward everywhere from z -0 by the step height. This should be a good approximation if the step height is small compared to the radius of the drive coil used in case 1. 
IfZ is known at the conducting surface, then Z, on z =0 for y > 0 can be estimated using the well-known transmission-line impedance-S transformation formula. Although, in general, the ratio of Et/Ht varies with position on the surface under a coil 9 , use of a surface impedance in this manner should be a good approximation for good conductors. 
* III EVALUATION OF INDUCTIVE ARRAYS FOR NEAR-FIELD EDGE TRACKING AND RANGING
In previous work on this project, SRI demonstrated that small single-turn printed loops can be used as sensors with sufficient sensitivity to be useful in NDE and robotics and that printed-circuit techniques facilitate the fabrication of arrays of small loops to provide electronic scanning with high spatial resolution. To further evaluate this capability, we have built such an array and have evaluated its use for closed-loop edge tracking and for ranging (proximity sensing).
The sensor elements used in this work consisted of single-turn rectangular loops with inner dimensions of 0.030 by 0.050 in. The loops are printed on circuit boards using standard techniques, and the width of each printed line is 0.005 in. A typical arrangement of two rows, each with four loops, is shown in Figure 5(a) .
The center-to-center spacing of adjacent loops in a row is 0.070 in., and the distance between adjacent printed lines of two neighboring loops is 0.010 in. To complete the probe system, a magnetic drive field is provided by a 30-turn, 0.5-in.
square coil (not shown), with its axis perpendicular to the circuit board.
This arrangement results in a two-port probe (called a reflection probe in eddy-current testing); the drive coil is the probe's input, and the sensor loop(s) is (are) its output.
To detect an edge or groove in a metal surface, it is best to minimize lift-off sensitivity by connecting an adjacent pair of sensor loops differentially as shown in Figure 5 (b). For the edge-tracking experiment described below, we used the signals from the two staggered pairs of sensor loops designated as Channels 1 and 2 in Figure 5 As can be seen in Figure 7 , the shape of the discrimination function varies with the angle 8 between the scan direction and the edge. an array that is polarized along the rows of sensor loops.
A simple edge-tracking algorithm was programmed into the computer to ,N.O demonstrate experimentally that such a sensor array can be made to follow an edge. The resulting measured edge-tracking characteristics of the system are shown in Figures 8(a) and 8(b) for edge angles of e -60 and
30,
respectively. These characteristics were produced as follows: the The staircase-shaped curves shown in Figure 8 depict the endpoints of the probe's movement; any backtracking that is required to reach these *5 endpoints is not explicitly shown. There was no backtracking in the step sequence depicted in Figure 8 
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Both of these characteristics were generated in real time, thereby demonstrating the feasibility of tracking an edge using such a sensor array. No significant difference in tracking was noted between the 30* and 60° cases, even though the respective discrimination functions are different. Similar tracking characteristics were also generated using 0.002-in. steps, thereby demonstrating that excellent signal-to-noise ratios were obtained. Finally, the straight lines drawn in Figure 8 are for angle-reference purposes only; they do not represent the position of the edge. Determining the edge position with respect to the track requires additional calibration of the probe.
In addition to this experimental work, the step response of the array was modeled using the approximate theory described in Sectio II-C. The computed differential response of a pair of rectangular sensor loops to a 0.004-in.-step in an alluminum plate is compared with the corresponding experimental results in Figure 9 . The array position has been normalized to one half the inner dimension of the drive coil. In this case, the peak response occurs when the sensor pair is located symmetrically over the edge of the step. Because the measurement is uncalibrated, the experimental and theoretical curves were arbitrarily normalized to make the peak values equal for this comparison. We see that the theoretical response curve is noticeably wider than the measured curve. Determining the reason for this discrepancy will require further study.
B. Ranging
Experiments were also performed to demonstrate that the distance from % the sensor array to the workpiece surface can be determined from the measured outputs of the array elements without moving the array. This is different from the case of a single absolute eddy-current probe, in which the distance of the probe from the underlying surface can only be determined if the probe output is measured at several different distances above the surface. Our ability to determine range, using a stationary array, is based on the fact that different elements in the array sample the spatial-frequency content of the drive field differently.
To eliminate the effect of the measurement-system transfer function in determining range, we measured the ratio of two voltages sensed by different elements in the array as a function of lift-off distance. For maximum range resolution, the elements used to generate this ratio should be located in regions where the drive field differs as much as possible with respect to spatial variation. We used one row of four loops and formed the desired ratio by dividing the sum of the voltages sensed by the two loops furthest from the center of the drive coil, by the sum of the voltages sensed by the two loops closest to the drive coil's center.
The resulting measured ranging characteristic is shown in Figure 10 , in which the lift-off distance (normalized to one half of the inner dimension of the drive coil) is plotted versus voltage ratio. It is seen that a 10-percent change in voltage ratio corresponds to about a 50-percent change in lift-off distance for a normalized lift off of less than about 0.3. This sensitivity is usable, but not large. We expect that a different array geometry might improve this sensitivity. "
Using the image theory discussed in Section II-B, we computed the theoretical ranging characteristic for this array and also plotted it " 28 %
Pi
Figure 10.
The shapes of the theoretical and experimental curves are similar, but they exhibit significant quantitative differences. We attribute these differences to the fact that the model ignored the -conducting tape that was used to shield the sensor leads on the circuit .= board in the vicinity of the loops. The Eqs. 23 and 24 show that, in the integration to obtain EY, the role of k x and ky will be interchanged from that used in the integration for Ex.
Hence, Ey can be obtained from E x by performing the substitution given in Eq. 39, and changing the sign.
In deriving the expression for the magnetic field, it is convenient to start with Eq. 35 for HY. Using manipulations similar to those used for EX, the integration can be expressed as the following cosine transformA 
